This study is focused on two types of Moroccan rocks, among the most widely used as building stones: the calcarenite of Salé (CS) and the marble of oued Akrech (MA). The two rocks, lithologically different, show a clear contrast of their P-wave velocities (Vp): 3.90 vs 5.10 km/s at dry state and 4.29 vs 5.64 km/s at saturation. The "Artificial fractures" created in the two rock types reveal that their Vp undergo diminutions which the rates vary depending of the number and the plane orientation of the fractures. In the CS, Vp shows an increasing of cumulative diminution (Dc) according to the number of fractures, but with a variable rate of unitary diminution (Du) from one fracture to the other. This defines a linear regression with a low coefficient of determination (Dc = 10.18NbFr + 10.96; r 2 = 0.87). The mode of the Vp evolution would be related to the roughness of fractures surface, which itself depends upon the petrographic nature of the calcarenite (friable structure, high porosity and heterogenous composition). The MA manifested an increasing Dc with a fairly constant rate of Du from a fracture to another, giving a regression line with a high coefficient of determination (Dc = 12.17NbFr -10.69; r 2 = 0.99). This steady diminution of Vp would be related to the granoblastic texture and the monomineral composition of the marble, which engender smoother fracture surfaces. The rates of Vp diminution also depend on the orientation plane of the fractures relative to the direction of wave propagation. The fractures parallel (θ = 0˚) amplify slightly the Vp, playing a significant role of "waveguide". The fractures oriented at 45˚ lead to a diminution lower than those of fractures oriented at 25˚ and 90˚. The same trend of diminution, but at variable rates, appears on the samples of the two types of stones at dry and saturated state. This can be explained by the compressive nature of P-waves, which obey the physic laws of the transmission of the constraints in the solid mediums.
Introduction
Tectonics deformation and stress are the main factors of rocks fracturing. Extraction of ornamental stones, especially by using explosives, is also responsible for discrete fractures (microcracks). The fracture network developed in the rocks affects their inner cohesion and reduces their own mechanical strength. Indeed, these fractures facilitate the penetration of fluids inside the rock thereby accelerating its chemical weathering and consequently affect its physical properties [1] .
Detection of fractures in rocks is of the utmost importance. In engineering and mining works, it will assess the strength of rock formations in order to know the most suitable technical roof-supporting to use. In the construction field, it allows to select both in the quarries than marble factories the blocks of good quality (without microfractures). Concerning the implemented stones, assess of their fracturing level leads to predict their potential risk.
Measurement of P-wave velocity (Vp) has been proven as an effective approach to appreciate the petro-physical properties of rocks [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . These studies have shown actually that each type of stone can be characterized by a well-defined Vp. In fact, the values of Vp are closely reSome investigations were focused specially on the cracks in the rocks attempting to understand the relation between the characteristic of P-wave velocities and the properties of the fractured medium. This plays an crucial role in developing a certain number of physical models, showing that the waveform, the amplitude and velocity of transmitted waves are greatly influenced, first by the manner and nature that the fractures are represented, second by the size, number, thickness, aperture, infilling... of the fractures [1, [12] [13] [14] [15] .
Experimental studies of Kahraman [6, 16] carried out on three types of stone (granite, marble and travertine) containing artificial joints (fractures) showed that P-wave velocity (Vp) decrease with an increase of the number of joints (JN). Furthermore, values of Vp rely on the hardness of the rocks, assessed by the rebound number of the Schmidt hammer (RN), and roughness of fracture surfaces, which are artificially created by sawing. Investigations on the relationships between Vp and joints density (J) permitted Altindag [17] to confirm the results of Kahraman [16] concerning the decrease of Vp with the increase of the number of joints.
They, furthermore, highlighted a good polynomial correlation between the number of joints and the reduction rate in Vp (%) indicating that P-wave velocities are rapidly attenuated with the augmentation of the joints density.
The purpose of this paper is to deepen knowledge of the effects of both the number and the orientation of the fractures on the diminution rates of Vp. Results of this study aim to bring to researchers and engineers some extra interpretation elements on the fluctuation of Vp values occurring into the same types of rocks; fluctuations which are frequently related to the problem of rock fracturing, especially when the fractures are discreet and not highlighted by iron oxides or other fillings. This would contribute to improve the efficiency of ultrasonic wave method for monitoring and quality control of building stones.
Materials and Method

Stones under Study
This study has been conducted by using two types of Moroccan rock, which are geologically and lithologically different: the calcarenite of Salé and the marble of oued Akrech. These two rocks outcrop extending over a 20 km radius around the city of Rabat, the capital of Morocco (Figure 1) .
The calcarenite of Salé (CS) is a detritic sedimentary rock of the Plio-Quaternary. It composes a part of the post-Paleozoic cover of the Rabat area and forms a system of dunes that stretch over several kilometers along the Atlantic coast [18] . The rock is gray-beige, mediumgrained and shows a rough surface. At the microscopic level, it presents a heterogeneous granular texture composed of quartz grains and shell fragments of bivalves bound each other by a carbonate cement of micritic type (Figures 2(a) and (b) ). The marble of oued Akrech (MA) is a carbonate metamorphic rock of lower Devonian. It belongs to the Paleozoic basement of the Rabat area [18] . The rock is pinkish-gray, with massive structure and a granular aspect. The texture is granoblastic and composed mainly of imbricate crystals of carbonate (calcite and dolomite) with a few shell fragments of echinoderms and polypiers (Figures 3(a) and (b) ).
The two rocks were highly demanded as building stones of the Rabat and Salé regions since prehistoric times: they were found both in the Roman ruins of Chellah and monument of Hassan Tour (Almohad period: XII-XIII century) of which the tower is built in calcarenite and the pillars in marble (Figures 4(a) and (b) ). These same materials remain until now the building stones of choice for traditional and modern buildings of Rabat and its regions [10, [19] [20] [21] ].
Measuring Instrument
Measurements of P-wave velocity (Vp) were carried out with a portable instrument (type TICO) manufactured by Controlab according to the French standard (NF P 94-411). The device includes an electric pulse generator (250 volts, 0.1 to 6500 µs, 1 pulse/s) and two piezoelectric transducers (a transmitter and a receiver) providing ultrasonic waves (45 kHz). Measurement principle consist to applying the transducers on the two parallel faces of a rock specimen having a determinate length (L) and trigger a series of ultrasound pulses. The device calculates the time interval (t) between the start and reception of the pulses. The Vp in the specimen is calculated from the simple relation (Vp = L/t) and it is expressed in km/s. 
Experimental Model
Rock specimens having a dimension of 5 × 5 × 20 cm 3 were cut, in laboratory with a diamonded saw, from homogenous blocks of calcarenite and marble (CS and MA). A specimen of each rock-type was kept intact while the others were sawed in order to generate "artificial fractures" in well-defined number and according to precise orientation plans, as shown in Figure 5 .
Measurements of Vp were performed according to the ASTM recommendation, regarding measurements of ultrasonic wave velocities in natural stones (D 2845-00) [22] . In this regard, some precautions have been taken to ensure a better quality of measures:
Rectification of the end surfaces of specimens (artificial fractures surfaces) to eliminate irregularities caused by the sawing.
Using of a clamp for a good coupling of the surface fractures.
Application of glycerin (Ref.
: 325-40-040, Koppelmittel zu TICO) between transducers and specimen to minimize wave loss at the interface.
Finally, these measurements of Vp were performed both on dry samples (24 h at 110˚C) and saturated ones (emersion in distilled water for 48 h). Table 1 summarizes petrographical characters and results of physico-mechanical tests of the two stones (CS and MA):
Good correlations appear between different petrophysical parameters; the calcarenite of Salé shows a low density due to its high porosity. Its low compressive strength expresses the crumbly nature of micritic cement and reflects the low cohesion between its constituent minerals.
On the other hand, the marble of oued Akrech has a higher density because of its relatively low porosity. Its granoblastic texture, with well-imbricate crystals, gives the rock a good internal cohesion and consequently a high compressive strength.
Effect of the Length
The attenuation (α) of P-wave velocities is a physical parameter, which depends on intrinsic characteristics of the solid medium. It expresses the loss of velocity as a function of the distance traveled by the waves [23] . So, preliminary measurements of Vp were conducted on intact specimens (without fractures) having the same section (5 × 5 cm 2 ) but variable lengths (5 to 60 cm 2 ) in orer to detect the effect of the specimen length on the attenuation of Vp. The results are presented in Table 2 .
The data in Table 2 show that Vp values of specimens shorter than 15 cm appear aberrant as illustrates in Figure 6 . However, specimens whose lengths range between 15 and 60 cm show a good stability of Vp values with insignificant attenuation (α < 5%). The rate of attenuations appears to be the same for the two types of stones under study, both in dry and saturated state.
These preliminary measurements indicate that the Vp values can be only valid on samples having at least a length equal or greater than 15 cm. This minimum length is imposed by the frequency of the used transducers (45 kHz).
Thus, length variations of specimen, ranging between 15 and 60 cm (limits of specimen lengths used in this work), have no significant influence on the measured Vp values.
Effect of the Fracture Number
Vp measurements are performed on rock specimens having different number of fractures (from 1 to 8), as explained previously ( Figure 5) . In this work, we express the loss of the velocity caused by the fractures under the term of diminution, which is physically distinct from the attenuation (α). So, two types of diminutionare calculated:
Unitary diminution (Du) corresponding to a loss of Vp caused by each fracture considered apart:
x: number of fractures (from 1 to 8), 0F: corresponds to the intact rock specimen (without fractures).
Cumulative diminution (Dc) corresponding to the cumulated loss of Vp related to the combined effect of 2, 3 or 8 fractures. Concerning the calcarenite of Salé (CS), the values of Vp decrease gradually with an increasing number of fractures (Figure 7) with a weak and constant deviation (about 0.4 km/s) between the dry and saturated samples. This reflects a progressive diminution (Dc) which is however very irregular. This irregularity appears clearly when we compare the unitary diminution rates (Du) of the fractures. Actually, the rate of diminution varies from a fracture to another within the limits of 8% to 42%. When it is beyond eight fractures, the diminution of Vp is total (100%).
Whereas the marble of oued Akrech, reveals a typical profile of regression of Vp according to the fractures number, with a larger deviation (1 -1.5 km/s) between dry and saturated specimens (Figure 7) .
The Vp diminution rates increase moderately and relatively more regular; the diminution rates are quite low for the first fractures, then they become more important after six. Unlike the calcarenite, a proportion of P-waves continue to be transmitted beyond eight fractures.
Effect of the Orientation of Fractures
The measuring protocol of Vp diminution according to the orientation of fractures (Do) is shown in Figure 5 . The values of this diminution (Do) are obtained as following:
where the angle θ = 0˚; 25˚; 45˚; 90˚. The results of Vp measurement on samples with a single fracture at different orientations (θ = 0˚, 25˚, 45˚ and 90˚) are presented in Table 4 . The diminution rate of Vp reveals a close relationship with the plane orientation of fractures. Leaving aside the differences between dry and saturated state, the diminution appears to evolve in the same direction for both types of stones: calcarenite of Salé and marble of oued Akrech (Figure 8) .
These relationships between the Vp and the orientation of fracture planes lead us to highlight the following three main points: 1) Fractures oriented parallel to the direction of ultrasonic waves propagation (θ0) doesn't cause loss of speed. On the contrary, they appear to cause a slight increase in Vp, which can reach 3 km/s (in the case of the dry marble).
2) Vp diminution is maximum for the fractures oriented at 25˚ and 90˚, with rates significantly stronger in the calcarenite of Salé (up to 40% at dry and almost 45% at saturated state) than in the marble of oued Akrech (16 % at dry; 10% at saturated state).
3) Fractures oriented at 45˚ cause a more lower diminutions than those related to fractures oriented at 25˚ and 90˚. This is more noticed in the calcarenite of Salé (28% at dry; 20% at saturated) than in the marble of the oued Akrech (5% at dry; 2% at saturated).
Discussion
The average value of P-wave velocity (Vp) of the calcarenite of Salé (CS) in dry state (3.90 km/s) is much lower than the Vp of the marble of oued Akrech(MA) at the same state (5.10 km/s). These values of P-wave velocity are consistent with those published on the equivalent stones from different regions of the world [16, 17, [23] [24] [25] [26] . Remembering that the P-wave velocity in the natural stone is directly related to their elastic constants, notably Young's modulus (E) and density (ρ) and expressed as:
Vp E   . The two physical parameters (E and ρ) depend mainly on the mineralogical composition, the texture and the porosity of the rock so each variety of stone has a specific value of Vp. The geological and lithological origin of the calcarenite and marble are very different (Figures 2 and 3 , Table 1 ) and explain the contrast between their Vp ( Table 2) . Until now, several studies have been 
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devoted to the relationships between the Vp and petrophysical characteristics of stones [8] [9] [10] [11] .
In the case of water saturation state, Vp increase in both types of stones as showed in the anterior researches [28] . Indeed, the Vp of our stones (CS and MA) pass from an average of 3.90 to 4.29 km/s in the calcarenite and from 5.10 to 5.64 km/s in the marble (Vp * in Table   2 ). The limits of Vp fluctuations, between saturated and dry states, are slightly wider in the calcarenite (7.50% to 13.07%) than in the marble (9.57% to 12.22%); rates calculated from data in Table 2 .
From the physical point of view, the stones are usually simulated at a two-phase system: solid-vacuum. The solid corresponds to the matrix mineral of the rock and the vacuum corresponds to the interstitial space between minerals in the form of pores (open and closed) and interor intra-granular cracks. At the saturated state, the air occupying the vacuum space of the rock is replaced by water and knowing that P-waves are faster in water (1.45 km/s) than in air (0.35 km/s), so Vp in saturated rocks are obviously higher than those in the dry ones [27, 28] .
Concerning the effect of fractures on the Vp, the measurements on samples containing an increasing number of "artificial fractures" (1 to 8) parallel between them and perpendicular to the direction of wave propagation show, in both the calcarenite and the marble, a continuous decrease of Vp according to the increasing number of fractures. This reflects a diminution of the P-waves velocity (energy) caused by the fractures that play a role of physical discontinuities.
By plotting the cumulative diminution rate of Vp (Dc), according to the number of fractures (Figure 9) , we notice that for samples of the dry calcarenite of Salé, the diminution evolves in a gradual but irregular way, which defines a line regression with a low linear coefficient of determination (r 2 = 0.87):
However, for the marble of oued Akrech, the evolution of the Vp diminution is progressive and more regular, so it defines a linear regression with a coefficient of determination very near to the unit (r 2 = 0.99):
Dc 12.17 10.69 NbFr  
The petrophysical nature would be the main factor that influences the diminution rate of Vp. Indeed, the texture (the grain size, their nature and their arrangement) is an intrinsic parameter determining the degree of roughness of the fractures surface. The surface of the calcarenite, even after rectification, keeps a high roughness due to its great porosity and the presence of quartz grains that can be easily detached from the friable micritic cement. In contrary, the marble surface, particularly after rectification, becomes very smooth because of the homogeneous nature of its carbonate crystals, which are in addition well imbricated.
Thus, for the calcarenite and despite the tightening, the fractures surfaces of the remained space with a number of contact points that vary greatly from one fracture to another (Figure 10(a) ). This causes significant losses and variable rates diminution of Vp according to the morphology of each fracture surface. The relatively smooth surfaces of marble induce a lower and relatively most regular rate of Vp diminution (Figure 10(b) ). The effect of surface roughness of fractures on P-wave velocity was already reported and analyzed in an experimental work of Kahraman [6] .
On the other hand, the effect of the planes orientation of fractures on the Vp depends, in addition to the lithological nature, to other physical processes. The fractures oriented parallel to the direction of P-waves propagation play a role of "waveguide" and might even induce a resonance effect which would involve an activation of the ultrasonic waves and consequently a slight increase in their propagation velocity wave [15, 23, 24, 29, 30] . The diminutions of Vp, much lower through the fractures oriented at 45˚ than those caused by the fractures oriented at 25˚ and 90˚, would be likely related to the compressive nature of the P-waves. Indeed admitting that the P-waves behavior is like a simple constraint, they must obey to physical laws concerning the propagation of the constraints in the solid mediums. In this case, we know that a constraint (τ) exerted on an inclined surface would depend on the normal stress (σ) and the angle of inclination of the surface (α) following the equation:
According to Equation (7), the stress τ is maximal when α = π/4 (45˚), which means that the energy transmission of the P-waves would be optimal and therefore its diminution is minimum through the fractures oriented at 45˚.
Conclusions
This study, carried out on two types of Moroccan building stones (calcarenite of Salé and marble of oued Akrech), corroborate the earlier works and confirms the existence of a close relationship between the lithology of rocks and their P-wave velocities (Vp). This is, indeed, the basic principle of the using of Vp measurement as a method of Non-Destructive Technical (NDT) of the building stones. However, a lot of research still remains to do for reaching of a good-control of the effects of secondary processes (weathering, fracturing···) on the Vp variations. This study has particularly emphasized the effect of the fracturing.
In this purpose, measurements of Vp were made on some samples of Moroccan calcarenite and marble containing "artificial fractures" at a variable number (F = 1 to 8) and having different orientation plans (θ = 0˚, 25˚, 45˚ and 90˚).
For the specimen having an increasing number of fractures (fractures perpendicular to the wave propagation direction), the Vp shows cumulative diminutions(D C ) that increase progressively according of the fracture number, but with a regression line that is specific for each type of rocks. Moreover, the unitary diminution rate of Vp (Du) are much more irregular in the calcarenite stone than in the marble one. This is directly due on the nature of the fracture surface, which is quite rough in the case of calcarenite and smooth in the case of marble. Thus, should we admit that the Vp diminution rate, in fractured rocks, depends both of the number of fractures and the quality of fractures surface (smooth or rough), quality that is directly related to the petrographic nature (texture, grain size, porosity and mineralogy) of the rock.
Moreover, the Vp diminution rate also varies with the fractures plans orientation. The fractures parallel (θ = 0˚) amplify slightly the Vp, playing a role of "waveguide". The resonance phenomenon could also contribute to this amplification. Contrary to what we can think, the fractures oriented at 45˚ induced a Vp diminutions lower than those of fractures oriented at 25˚ and 90˚. The same trends of diminution, but at variable rates, appear on the samples of the two types of stones at both dry and saturated states. The explanation of this can be found by comparing the propagation of P-waves, which are compression waves, to the transmission of constraints in a solid medium. Thus, the effect of the orientation of fracture planes on Vp is purely controlled by the laws of solids physic.
The results of this study have a double interest: 1) They furnish a new technological data on the two main building stones of the Rabat area, which will serve for the control and the restoration of the both historical monuments and recent edifices built from these types of stone.
2) They contribute to deepen the knowledge on the behavior of P-wave in the fractured rocks.
This will permit also to extend the use of the ultrasonic
